Global Scaling Down of Excitatory Postsynaptic Responses in Cerebellar Purkinje Cells Impairs Developmental Synapse Elimination  by Kawata, Shinya et al.
Cell Reports
ArticleGlobal Scaling Down of Excitatory Postsynaptic
Responses in Cerebellar Purkinje Cells Impairs
Developmental Synapse Elimination
Shinya Kawata,1 Taisuke Miyazaki,2 Maya Yamazaki,3 Takayasu Mikuni,1 Miwako Yamasaki,2 Kouichi Hashimoto,1,4
Masahiko Watanabe,2 Kenji Sakimura,3 and Masanobu Kano1,*
1Department of Neurophysiology, Graduate School of Medicine, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-0033, Japan
2Department of Anatomy, Hokkaido University Graduate School of Medicine, Sapporo 060-8638, Japan
3Department of Cellular Neurobiology, Brain Research Institute, Niigata University, Niigata 951-8585, Japan
4Department of Neurophysiology, Graduate School of Biomedical and Health Sciences, Hiroshima University, Hiroshima 734-8551, Japan
*Correspondence: mkano-tky@m.u-tokyo.ac.jp
http://dx.doi.org/10.1016/j.celrep.2014.07.014
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/3.0/).SUMMARY
Synapse elimination is crucial for precise neural
circuit formation during postnatal development.
We examined how relative differences in synaptic
strengths among competing inputs and/or absolute
synaptic strengths contribute to climbing fiber (CF)
to Purkinje cell (PC) synapse elimination in the cere-
bellum.WegeneratedmicewithPC-selectivedeletion
of stargazin (TARP g-2), the major AMPA receptor
auxiliary subunit in PCs (g-2 PC-KO mice). Whereas
relative differences between ‘‘strong’’ and ‘‘weak’’
CF-mediated postsynaptic response are preserved,
absolute strengths of CF inputs are scaled down
globally in PCs of g-2 PC-KOmice. Although the early
phaseofCFelimination is normal, dendritic transloca-
tion of the strongest CF and the late phase of CF
elimination that requires Ca2+-dependent activation
of Arc/Arg3.1 in PCs are both impaired in g-2 PC-KO
mice. We conclude that, although relative differences
in CF synaptic inputs are initially essential, proper
synaptic scaling is crucial for accomplishing CF syn-
apse elimination.
INTRODUCTION
Proper function of the nervous system is critically dependent on
precise formation of neural circuits during development. In the
developing nervous system, redundant synaptic connections
are formed initially around birth. Then, functionally important
synapses are strengthened and unnecessary redundant con-
nections are eliminated during the subsequent postnatal period
(Hensch, 2004; Katz and Shatz, 1996; Lichtman and Colman,
2000). This process, known as synapse elimination, is widely
thought to be crucial for shapingmature functional neural circuits
in an activity-dependent manner in various regions of the central
and peripheral nervous systems (Kano and Hashimoto, 2009;
Lichtman and Colman, 2000). It is widely thought that functionalCelchanges in synaptic strength precede morphological alterations
in synaptic connection (Kano and Hashimoto, 2009). Immature
synapses are thought to be selectively strengthened or weak-
ened before they are structurally stabilized or eliminated. Func-
tional changes are thought to depend on Hebbian type synaptic
plasticity, in which long-term potentiation (LTP) or depression
(LTD) is induced in synapse-specific and activity-dependent
manners (Hayama et al., 2013; Matsuzaki et al., 2004). Synaptic
strength also depends on homeostatic plasticity, which globally
scales synaptic strengths in whole neurons up or down against
neural activity in a synapse-nonspecific manner (Turrigiano,
2008, 2012). Homeostatic plasticity does not change the relative
differences in synaptic strengths of competing inputs in indi-
vidual neurons (Turrigiano, 2008, 2012). However, it is unclear
whether global changes in synaptic strengths in individual neu-
rons affect developmental synapse elimination.
In the present study, we addressed this question using devel-
opmental synapse elimination at cerebellar climbing fiber (CF) to
Purkinje Cell (PC) synapse as a model (Hashimoto and Kano,
2013; Watanabe and Kano, 2011). In the cerebellum of neonatal
rodents, the PC soma is innervated by > 5 CFs with similar syn-
aptic strengths (Hashimoto and Kano, 2003). A single CF input is
selectively strengthened among multiple CF inputs to each PC
from postnatal day 3 (P3) to P7 (the phase of ‘‘functional differen-
tiation’’) (Hashimoto and Kano, 2003; Kawamura et al., 2013).
Then, only the strengthened CF (the ‘‘winner’’ CF) extends its
innervation along growing PC dendrites from P9 (Carrillo et al.,
2013; Ichikawa et al., 2011; Kano and Hashimoto, 2009). In par-
allel, synapses of the other weaker CFs (‘‘loser’’ CFs) left on the
PC soma are eliminated depending on two distinct mechanisms
from P7 to around P11 (the ‘‘early phase’’) and from P12 to
around P17 (the ‘‘late phase’’) (Hashimoto and Kano, 2013;
Watanabe and Kano, 2011). It has been demonstrated that
LTP and LTD occur at CF-PC synapses during the first postnatal
week in acute cerebellar slices from rats (Bosman et al., 2008)
and mice (Ohtsuki and Hirano, 2008). Using in vivo whole-cell re-
cordings from PCs in living rats and mice, we recently reported
that the selective strengthening of single CFs in the first postnatal
week appears to depend on spike-timing-dependent plasticity
(Kawamura et al., 2013), a Hebbian type synaptic plasticityl Reports 8, 1119–1129, August 21, 2014 ª2014 The Authors 1119
widely believed to underlie synapse refinement in the developing
brain (Holtmaat and Svoboda, 2009). These results suggest that
Hebbian type synaptic plasticity underlies postnatal develop-
ment of CF-PC synapses and that relative differences in synaptic
strengths between CF inputs to individual PCs are important for
CF synapse elimination. In contrast, it is totally unknownwhether
global changes in synapse strengths in whole PCs affect CF syn-
apse elimination.
To reduce excitatory synaptic strengths globally in PCs during
postnatal development, we generated mice with PC-selective
deletion of stargazin (TARP g-2), a major AMPA receptor auxil-
iary subunit that regulates surface expression of AMPA recep-
tors (Hashimoto et al., 1999; Jackson and Nicoll, 2011). Similar
to the previous results from mice with global deletion of TARP
g-2 (Menuz and Nicoll, 2008; Yamazaki et al., 2010), the absolute
amplitude of CF-mediated excitatory postsynaptic currents
(CF-EPSCs) of our PC-selective TARP g-2 knockout (g-2 PC-
KO) mice was about half that of wild-type mice. Importantly, in
g-2 PC-KO mice, the reduction of CF-EPSC amplitude was not
observed from P3 to P5 but became obvious at P6 and there-
after. Because of this developmental profile, functional differen-
tiation of multiple CF inputs, which proceeds from P3 to P7, was
normal in g-2 PC-KO mice. Therefore g-2 PC-KO mice after P7
provide a good model in which relative differences in synaptic
strengths between winner and loser CFs are normal but absolute
amplitudes of CF-EPSCs are globally scaled down in whole PCs.
Using this mouse model, we investigated whether and how
global scaling down of CF synaptic strength affects the dendritic
translocation of winner CFs, the early phase and the late phase of
CF synapse elimination.
RESULTS
Reduced AMPA-Receptor-Mediated Membrane
Currents and EPSCs in PCs of g-2 PC-KO Mice
To generate g-2 PC-KO mice, we crossed the g-2 floxed mice
(Yamazaki et al., 2010) with D2CreN mice (GluD2+/Cre), in which
Cre recombinase is expressed under the control of the GluD2
promoter (Hashimoto et al., 2011; Nakayama et al., 2012). Immu-
nohistochemical analysis revealed that, in g-2 PC-KO mice at
P21, g-2 signal was greatly reduced in the molecular layer (ML)
but was normal in the granule cell layer (GCL) of the cerebellum
(Figures 1A and 1B). Because of the reduction of g-2, immunore-
activity for AMPA receptor GluA2 and GluA3 subunits was
greatly reduced in the ML of g-2 PC-KO mice (Figures 1C–1F).
These results indicate a selective loss of g-2 and a resultant
reduction of AMPA receptor expression in PC dendrites of g-2
PC-KO mice. We then made whole-cell recordings from PCs in
cerebellar slices and obtained instantaneous current-voltage re-
lations during bath application of AMPA (2 mM; Yamazaki et al.,
2010). The average I-V relations were linear in both genotypes
at P21, but the amplitude of membrane current was significantly
lower in g-2 PC-KOmice (Figure 1G). These results demonstrate
that the expression of functional AMPA receptors in PCs is
reduced in g-2 PC-KO mice.
We then compared AMPA-receptor mediated EPSCs of
PCs between g-2 PC-KO and wild-type mice. PCs receive two
distinct glutamatergic inputs from CFs, the axons of neurons in1120 Cell Reports 8, 1119–1129, August 21, 2014 ª2014 The Authorthe inferior olive, and parallel fibers, the axons of granule
cells in the cerebellar cortex (Ito, 1984; Palay and Chan-Palay,
1974). Previous studies show that EPSCs in PCs are mediated
almost exclusively by AMPA receptors in the second and third
postnatal weeks (Kakizawa et al., 2000; Kano et al., 1995; Llano
et al., 1991). We stimulated CFs systematically in the GCL
beneath the PC under recording in cerebellar slices from young
adult mice at P21–P43. In wild-type mice, large EPSCs were eli-
cited in an all or none fashion in the majority of PCs, indicating
that these PCs were innervated by single strong CFs (CF-
mono; Figure 1H). In the rest of PCs, CF-EPSCs appeared with
two or three distinct steps when the stimulus intensity was grad-
ually increased or the stimulation site was systematically moved.
Notably, each of the PCswithmultiple CF steps had a single rela-
tively large CF-EPSC and one or two relatively small CF-EPSCs,
indicating that these PCs were innervated by single strong CFs
(CF-multi-S) plus one or twoweaker CFs (CF-multi-W; Figure 1H;
Hashimoto and Kano, 2003; Kano and Hashimoto, 2009). In g-2
PC-KOmice, the patterns of CF innervation of PCs were qualita-
tively similar to those of wild-type mice (Figure 1H). However, the
absolute amplitudes of EPSCs elicited by CF-mono, CF-multi-S,
and CF-multi-W were proportionally reduced to about 50% of
those of wild-type mice (CF-mono: wild-type, 2,227 ± 83.9 pA,
n = 70; g-2 PC-KO, 1,193 ± 70.4 pA, n = 43; p < 0.0001. CF-
multi-S: wild-type, 2,314 ± 192.6 pA, n = 27; g-2 PC-KO,
1,220 ± 74.1 pA, n = 50; p < 0.0001. CF-multi-W: wild-type,
570 ± 94.1 pA, n = 28; g-2 PC-KO, 278 ± 35.1 pA, n = 56; p =
0.0324; Figures 1H and 1I). These results indicate that relative
differences among EPSCs elicited by the three types of CF in-
puts are preserved, but their absolute synaptic strengths are
proportionally reduced in g-2 PC-KO mice at P21–P43. We
also found that the amplitudes of parallel fiber-mediated EPSCs
were significantly reduced in g-2 PC-KO mice (Figures S1A and
S1B). Altogether, these data demonstrate that excitatory synap-
tic drive from the two types of inputs is globally reduced in PCs of
g-2 PC-KO mice.
Reduced Absolute Synaptic Strengths with Normal
Disparity among Multiple CF Inputs to Individual PCs in
g-2 PC-KO Mice
Our previous studies show that relative differences between the
strongest CF input and the other weaker CF inputs become pro-
gressively larger from P3 to P7 (Hashimoto and Kano, 2003). At
the same time, the absolute values of total CF-EPSC amplitudes
increased by approximately 4-fold (Hashimoto et al., 2011).
Thus, we next examined developmental changes in the strength
of CF synaptic inputs to PCs in wild-type and g-2 PC-KO mice.
First, to examine possible changes in the absolute synaptic
strength, we measured the total amplitude of CF-EPSCs in
each PC, which includes all of the recorded CF-EPSC steps. In
wild-typemice, the total CF-EPSC amplitude increased progres-
sively from P3, reached a plateau at P9 and declined gradually
after P12 (Figures 2A and 2B). CF-EPSCs in g-2 PC-KO mice
showed the same tendency, but from P6 the total amplitude
became significantly smaller than that of wild-type mice (Figures
2A and 2B). We found that g-2 protein was undetectable until P4
and its expression became obvious at P7 in the ML and the PC
layer in wild-type mice (Figures S2A–S2F). This developmentals
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Figure 1. Strengths of CF Synaptic Inputs
Are Decreased in g-2 PC-KO Mice
(A and B) Immunohistochemistry for TARP g-2 in
the whole brain (left), cerebellum (middle), and
cerebellar cortex (right) in wild-type (A) and g-2
PC-KO (B) mice at an adult age. ML, molecular
layer; PCL, Purkinje cell layer; GCL, granule cell
layer. In wild-type mice, g-2 immunoreactivity is
intense in the ML and scattered in the GCL. In g-2
PC-KO mice, g-2 immunoreactivity in the ML is
markedly decreased whereas that in the GCL is
unchanged. Scale bars represent 1 mm for (left)
and (middle), 50 mm for (right).
(C–F) Immunohistochemistry for GluA2 (C and D)
and GluA3 (E and F) in the cerebellar cortex in wild-
type mice (C and E) and g-2 PC-KO mice (D and F)
at P21. Note a significant reduction of GluA2 (C and
D) and GluA3 (E and F) immunoreactivity in the ML
of g-2 PC-KO mice. Scale bar represents 20 mm.
(G) I-V relationship of AMPA (2 mM)-induced currents
inPCsofwild-type (n=5,opencircle) andg-2PC-KO
(n = 4, filled circle) mice at P21. Membrane currents
were measured during voltage ramp from +50 mV
to 60 mV (duration 1.4 s). For leak subtraction,
evoked currents in control external solution were
subtracted from those in the presence of AMPA
(2 mM). ACSF contained cyclothiazide (100 mM)
and tetrodotoxin (0.5 mM). Liquid junction potential
was corrected. Error bars represent ±SEM.
(H) Specimen records of EPSCs in PCs innervated
by single CFs (CF-mono) and in PCs multiply
innervated by a strong (CF-multi-S) and a few
weak (CF-multi-W) CFs from wild-type (upper) and
g-2 PC-KO mice (lower) at P21–P43. When stim-
ulus intensity was changed, CF-EPSC appears in
an all-or-none fashion. Two or three traces were
superimposed at each threshold stimulus in-
tensity. When a single step of CF-EPSC could be
elicited, the CF was classified as ‘‘CF-mono.’’
When multiple steps of CF-EPSCs were observed,
the CF that elicited the largest CF-EPSC was
classified as ‘‘CF-multi-S’’ and other weaker CFs
that elicited smaller CF-EPSCs were classified as
‘‘CF-multi-W.’’ Scale bars represent 10 ms and 1
nA. Holding potential, 20 mV.
(I) Summary bar graphs showing the averaged peak
amplitude of the three categories of CF-EPSC.
Sample sizes of CF-EPSCs are 70 (CF-mono, wild-
type), 43 (CF-mono, PC-KO), 27 (CF-multi-S, wild-
type), 50 (CF-multi-S, PC-KO), 28 (CF-multi-W,
wild-type), and 56 (CF-multi-W, PC-KO). *p < 0.05,
***p < 0.001. Error bars represent ±SEM.profile of g-2 expression explains the result that the effect of g-2
deletion on the absolute strength of CF-PC synapse first became
obvious at P6 (Figures 2A and 2B).
Second, to examine possible developmental changes in the
relative difference of CF synaptic strengths, we calculated the
disparity ratio that was used to quantify the relative difference
among the strengths of multiple CFs innervating each PC (Hashi-
moto and Kano, 2003; Hashimoto et al., 2011). In wild-typemice,
the disparity ratio became progressively smaller from P3 and
reached a plateau around P7 (Hashimoto and Kano, 2003; Fig-
ure 2C). In g-2 PC-KO mice, the disparity ratio underwent a
developmental change similar to that of wild-type mice (two-Celway ANOVA: p = 0.072; Figure 2C). We also calculated the frac-
tion of the largest and the second largest CF-EPSC amplitudes
relative to the total CF-EPSCamplitude fromP3 toP9 (Figure 2D).
There was no significant difference in these values between the
genotypes (two-way ANOVA: p = 0.122; Figure 2D). These re-
sults indicate that the absolute strengths of CF-PC synapses in
PCs of g-2 PC-KO mice become significantly smaller than those
inwild-typemice at P6 and thereafter, whereas the relative differ-
ences in synaptic strengths among competing CF inputs are
kept normal. Importantly, CF synapse elimination and CF trans-
location to PC dendrites occur in the same period (Hashimoto
and Kano, 2013; Watanabe and Kano, 2011). In the followingl Reports 8, 1119–1129, August 21, 2014 ª2014 The Authors 1121
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Figure 2. The Absolute Strengths of CF to PC Synapses Are Decreased with Normal Relative Difference in Synaptic Strengths among
Competing CFs in g-2 PC-KO Mice
(A) Specimen records of CF-EPSCs at P3–P5, P7–P9, P11–P13, and P15–P17 in wild-type and g-2 PC-KOmice. Scale bars represent 10ms and 500 pA. Holding
potential, 80 mV (P3–P5) or 20 mV (P7–P9, P11–P13, and P15–P17).
(B) Developmental changes in the total amplitude of CF-EPSCs recorded in each PC. The peak amplitudes of CF-EPSCs including all CF-EPSC steps were
averaged at each age. Squares contain data from P11 to P13 and diamonds contain data from P15 to P17. The sample size for each genotype is 13–39 (wild-type
mice) and 12–36 (g-2 PC-KO mice). *p < 0.05, **p < 0.01, ***p < 0.001. Error bars represent ±SEM.
(C) Developmental changes in disparity ratio that was calculated fromPCs innervated bymultiple CFs. The sample size for each genotype is 8–35 (wild-typemice)
and 9–37 (g-2 PC-KO mice). Error bars represent ±SEM.
(D) Developmental changes in the fraction of CF-EPSC amplitude. To calculate the fraction of each step, the amplitude of individual CF-EPSC stepwas divided by
total amplitude. The sample size for each genotype is 11–39 (wild-type mice) and 9–37 (g-2 PC-KO mice). Error bars represent ±SEM.
See also Figure S1.sections, we investigated whether and how the reduced abso-
lute synaptic strengths with normal disparity among multiple
CF inputs to individual PCs affects CF synapse elimination and
CF translocation.
Impaired CF Translocation and CF Synapse Elimination
in g-2 PC-KO Mice
First, we examined the extent of CF translocation by estimating
the height of CFs relative to the thickness of the molecular layer
(Figure 3). In each PC at P21, wemeasured the distance between
the top of PC’s soma and the most distal immunofluorescence
signal of vesicular glutamate transporter type 2 (VGluT2), a CF
terminal marker. This value was divided by the thickness of the
ML and used as relative height of CF terminals (Figure 3). In
g-2 PC-KO mice, the distribution of CF terminals, as assessed
by immunofluorescence for VGluT2, was apparently reduced
(Figures 3A and 3B). Whereas there was no change in the thick-
ness of the ML (Figure 3C, wild-type: 119 ± 2.7 mm; g-2 PC-KO:
118.6 ± 2.3 mm; p = 0.1440), the relative height of the tip of CF
arbors was significantly lower in g-2 PC-KO mice (Figure 3D,
wild-type: 69.6% ± 0.7%; g-2 PC-KO: 58.4% ± 0.5%; p <1122 Cell Reports 8, 1119–1129, August 21, 2014 ª2014 The Author0.0001). These results indicate that PC-specific deletion of g-2
moderately impairs dendritic translocation of strong CFs.
Wenext testedwhetherCF synapse eliminationwas affected in
g-2 PC-KO mice. We estimated the number of CFs innervating
each PC at P21–P43 from the number of distinct CF-EPSC steps
in the same way as our previous reports (Mikuni et al., 2013;
Nakayama et al., 2012). In wild-type mice, 73.7% (73/99) of PCs
had single CF-EPSC steps and 26.3% (26/99) had two or more
CF-EPSC steps (Figures 4A and 4B). In g-2 PC-KO mice, less
than half of PCs (46.5%, 60/126) had single CF-EPSC steps and
53.5% (66/126) had two or more CF-EPSC steps (Figures 4A
and 4B). The frequency distribution histogram of PCs in terms
of the number of CF-EPSC steps shows significant difference be-
tween wild-type and g-2 PC-KO mice (p < 0.0001) (Figure 4B),
indicating that CF synapse elimination is impaired in g-2 PC-KO
mice. To depict CF innervation, we injected a small amount of
the anterograde tracer dextran Texas red (DTR) into the inferior
olive and stained a subset of CFs. Then we performed triple fluo-
rescent labeling for calbindin (aPCmarker), VGluT2 (aCF terminal
marker), andDTR (Miyazaki andWatanabe, 2011). Inmost PCs of
wild-type mice, VGluT2 signals were not present on PC somatas
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Figure 3. Relative Height of CF Terminals in the ML Is Lower in g-2
PC-KO than Wild-Type Mice
(A and B) Double immunostaining for VGluT2 (red) and calbindin (green; upper)
and immunostaining for VGluT2 alone (lower) in the cerebellar cortex of wild-
type (A) and g-2 PC-KO (B) mice at P21. Scale bar represents 50 mm.
(C) Summary bar graph of thickness of the ML in wild-type mice (n = 28) and
g-2 PC-KO mice (n = 27). The vertical distance between the pial surface and
the top of PC’s soma was measured. Error bars represent ±SEM.
(D) Summary bar graph of relative height of CF terminals to the thickness of ML
in wild-type mice (n = 208) and g-2 PC-KO mice (n = 284). The distance be-
tween the highest of VGluT2 signal and the top of PC’s soma was measured in
each PC and the value was divided by the thickness of the ML. ***p < 0.001.
Error bars represent ±SEM.but were rich on proximal dendrites of PCs (Figures 4C and 4D),
and essentially all the VGluT2 signal overlapped with DTR signals
(Figures 4C and 4D). This result demonstrates that most of the
wild-typePCs are innervated by single CFs on their proximal den-
drites. In contrast, VGluT2 signals were frequently found on PC
somata in g-2 PC-KO mice (Figures 4E–4H). Moreover, PCs in
g-2 PC-KOmice were often associated with DTR/VGluT2-double
positive CF terminals on proximal dendrites (Figures 4F and 4H,
white arrows) and DTR-negative/VGluT2-positive CF terminals
on the soma (Figures 4F and 4H, blue arrows). In some cases,
DTR/VGluT2-double positive CF terminals (Figure 4J, white ar-
rows) andDTR-negative/VGluT2-positiveCF terminals (Figure 4J,
blue arrows) were colocalized on proximal dendrites of the same
PCs (Figures 4I and 4J). Thesemorphological data unequivocallyCeldemonstrate innervation of PCs bymultiple CFs. Therewas a sig-
nificant differencebetween thegenotypes in termsof thepercent-
age ofmorphologically determinedmono andmultiply innervated
PCs (Figure 4K). These results indicate that PC-specific deletion
of g-2 impairs elimination of somatic CF terminals during post-
natal cerebellar development.
The Late Phase of CFSynapse Elimination Is Specifically
Impaired in g-2 PC-KO Mice
CF synapse elimination consists of two distinct phases, the early
phase from P7 to approximately P11 and the late phase from
approximately P12 to approximately P17 (Hashimoto and
Kano, 2013; Watanabe and Kano, 2011). To clarify which phase
is impaired in g-2 PC-KOmice, we examined CF innervation pat-
terns of PCs at P6–P8 (around the beginning of the early phase),
P11–P13 (around the beginning of the late phase), and P15–P17
(toward the end of the late phase). There was no significant dif-
ference between the genotypes in terms of the number of CF-
EPSC steps either at P6–P8 (p = 0.4583; Figures 5A and 5B) or
at P11–P13 (p = 0.705; Figures 5C and 5D). In marked contrast,
the frequency distributions show highly significant difference
between the genotypes at P15–P17 (p < 0.0001; Figures 5E
and 5F). These results demonstrate clearly that the late phase
of CF elimination is specifically impaired in g-2 PC-KO mice.
Previous studies have demonstrated that mGluR1 and its
downstream signaling involving Gaq, phospholipase Cb4
(PLCb4), and protein kinase Cg (PKCg) is crucial for the late
phase of CF elimination (Ichise et al., 2000; Kano et al., 1995,
1997, 1998; Offermanns et al., 1997). GABAergic inhibition to
PC somata from molecular layer interneurons (MLIs) is also
important for the regulation of the late phase CF elimination
(Nakayama et al., 2012). It is therefore possible that the impaired
CF synapse elimination in g-2 PC-KO mice may result from the
reduction of mGluR1 signaling or GABAergic inhibition. How-
ever, we verified that expression of mGluR1, Gaq, PLCb4, and
PKCg were normal (Figures S3A–S3H) and mGluR1-mediated
slow EPSCs were evoked normally in PCs of g-2 PC-KO mice
(Figures S3I and S3J). We also confirmed that densities of
MLIs and GABAergic terminals were normal in g-2 PC-KO cere-
bellum (Figures S4A–S4D) and the amplitudes and frequency of
miniature IPSCs were not altered in PCs of g-2 PC-KOmice (Fig-
ures S4E–S4G). Therefore, the impaired CF synapse elimination
in g-2 PC-KO mice is considered to be caused by mechanisms
other than the impairment of mGluR1 signaling in PCs or the
attenuation of GABAergic inhibition to PC somata.
CF-Mediated Ca2+ Influx through the P/Q-type
Voltage-Dependent Ca2+ Channel Is Attenuated in g-2
PC-KO Mice
We have reported recently that the late phase of CF elimination
is dependent on the immediate early gene Arc (also known as
Arg3.1) that is activated by Ca2+ influx to PCs through the P/Q-
type voltage-dependent Ca2+ channel (P/Q-type VDCC; Mikuni
et al., 2013). Because the amplitude of CF-EPSCs in g-2 PC-
KO mice is reduced to about half of that in wild-type mice, it is
possible that CF-induced Ca2+ transients through activation of
the P/Q-type VDCC are significantly reduced in PCs of g-2 PC-
KO mice. The reduction of Ca2+ influx may in turn result inl Reports 8, 1119–1129, August 21, 2014 ª2014 The Authors 1123
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Figure 4. CF Synapse Elimination Is Impaired in g-2 PC-KO Mice
(A) Specimen records of CF-EPSCs in wild-type (upper) and g-2 PC-KO (lower)
mice. Scale bars represent 10 ms and 500 pA.
(B) Frequency distribution histogram for the number of CFs innervating each
PC in wild-type and g-2 PC-KO mice at P21–P43. ***p < 0.001.
(C–J) Triple immunostaining for calbindin (blue or ocher), anterogradely labeled
CFs (red, DA-594), and VGluT2 (green) in wild-type (C and D) and g-2 PC-KO
(E–J) mice at P21. (D), (F), (H), and (J) are themagnified views of (C), (E), (G), and
(I), respectively. Only PCs associated with anterograde tracer signals were
analyzed. White and blue arrows in (D1), (F1), (H1), and (J1) indicate DTR-
labeled/VGluT2-positive and DTR-unlabeled/VGluT2-positive CF terminals,
respectively. Scale bars represent 20 mm for (C), (E), (G), and (I) and 10 mm for
(D), (F), (H), and (I).
(K) Frequency distribution histogram of anatomically identified CF innervation
pattern at P21. PCs were classified into those innervated by single CFs (mono)
and by more than two CFs (Multi). ***p < 0.001.
1124 Cell Reports 8, 1119–1129, August 21, 2014 ª2014 The Authorinsufficient activation of Arc and impairment of CF synapse elim-
ination. To test this hypothesis, we first examined whether the
function of the P/Q-type VDCC was altered in PCs of g-2
PC-KO mice at P12–P16 when the late phase of CF synapse
elimination proceeds. We made whole-cell recordings from
PC somata, filled entire PCs with a Ca2+ indicator dye,
Oregon Green 488 BAPTA-1 (OGB-1), and depolarized PCs
from 80 mV to 10 mV for 1 s under the voltage-clamp mode
(Mikuni et al., 2013; Nakayama et al., 2012). Both wild-type
mice and g-2 PC-KOmice showed large increases of fluorescent
Ca2+ signals (Figure 6A) and therewas no significant difference in
the integral for 3 s from the initial rise between the two mouse
strains (wild-type: 560% ± 140%; g-2 PC-KO: 385% ± 57.4%;
p = 0.7508; Figure 6B). The depolarization-induced Ca2+ signals
were reduced by approximately 60% in the presence of a
specific P/Q-type VDCC blocker, u-agatoxin IVA (0.4 mM; wild-
type: 57.9% ± 7.2%; g-2 PC-KO: 63.9% ± 7.2%; p = 0.7508;
Figures 6B and 6C). These results indicate that the P/Q-type
VDCC functions normally in PCs of g-2 PC-KO mice. We next
examined whether CF-induced Ca2+ transients were altered in
g-2 PC-KO mice at P12–P16. Under current-clamp mode, stim-
ulation of the strongest CF in the recorded PC induced typical
complex spikes in both wild-type and g-2 PC-KO mice (Fig-
ure 6D). However, the resultant Ca2+ transients in g-2 PC-KO
mice were significantly smaller than those in wild-type mice
(wild-type: 24.5% ± 3.4%; g-2 PC-KO: 11.9% ± 3.2%; p =
0.0074; Figure 6F). These results clearly indicate that CF-
induced Ca2+ transients are significantly reduced in PCs of g-2
PC-KO mice because of the smaller CF-EPSP amplitude and
reduced activation of the P/Q-type VDCC at the late phase of
CF synapse elimination.
Rescue of the Impaired CF Synapse Elimination by
Overexpression of Arc in PCs of g-2 PC-KO Mice
The reducedCa2+ transientsbyCF inputs areconsidered to result
in insufficient activation of Arc. If insufficient Arc activation is a
cause of the impaired CF synapse elimination in g-2 PC-KO
mice, PC-specific overexpression of Arc by lentivirus vectors
(Torashima et al., 2006; Uesaka et al., 2012, 2014) should rescue
the phenotype.We injected lentiviruses carrying theGFP andArc
sequences into the cerebellum of g2 PC-KO mice at P3–P5
(Figure S6). After the mice grew up to P19–P23, acute cerebellar
slices were prepared and whole-cell recordings were performeds
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Figure 5. The Late Phase of CF Synapse
Elimination Is Impaired in g-2 PC-KO Mice
Specimen records of CF-EPSCs (A, C, and E) and
frequency distribution histograms for the number
of CFs innervating each PC (B, D, and F) in wild-
type and g-2 PC-KOmice at P6–P8 (A andB), P11–
P13 (C and D), and P15–P17 (E and F). Scale bars
represent 10 ms and 500 pA. ***p < 0.001.
See also Figures S2 and S3.from GFP-positive PCs with Arc overexpression (g-2 PC-KO +
Arc-OE) and GFP-negative uninfected control PCs (g-2 PC-KO)
in the same slices (Mikuni et al., 2013). In control PCs, less than
half of the PCs (45.1%) were innervated by single CFs and the
rest were innervated by multiple CFs (Figure 4). In contrast,
67.3% of the PCs were mono innervated and the rest were
multiply innervated in PCs with Arc-OE (Figures 7A and 7B).
The frequency distribution was significantly different between
control and Arc-OE PCs (p = 0.027), whereas there was no signif-
icant difference in the frequency distribution between control and
PCswithGFPexpression alone (FiguresS6CandS6D). These re-
sults indicate that Arc overexpression in PCs effectively rescued
the impaired CF synapse elimination of g-2 PC-KO mice.
To further confirm that Arc-dependent CF synapse elimination
is impaired in g-2 PC-KO mice, we tested the effect of PC-spe-
cificArc knockdown.Aprevious report fromour laboratory shows
that Arc knockdown in wild-type mice impairs the late phase of
CF synapse elimination (Mikuni et al., 2013). If the Arc-mediated
component of CF synapse elimination is abolished in g-2 PC-KO
mice, Arc knockdown in their PCs should not have an additive
effect on the impairment of CF synapse elimination. We injected
lentivirus vectors carrying the GFP sequence and micro RNA
against Arc into the cerebellum of g-2 PC-KOmice at P1–P3 (Fig-
ureS6), andexaminedCF innervation patterns in acute cerebellar
slices at P19–P23 in the same way as the previous report (Mikuni
et al., 2013; Uesaka et al., 2014). As shown in Figures 7C and 7D,
there was no significant difference in CF innervation patterns
between uninfected control (g-2 PC-KO) and Arc knockdown
(g-2 PC-KO + Arc KD) PCs in the same slices (p = 0.499; Figures
7C and 7D). Taken together, these results demonstrate that
the failure to activate Arc presumably because of the reduced
CF-induced Ca2+ transients is a major cause of the impairment
of the late phase of CF elimination in g-2 PC-KO mice.
DISCUSSION
We addressed the question of whether global scaling down of
excitatory synaptic inputs to whole PCs, without changing rela-Cell Reports 8, 1119–1129,tive difference among the strengths of
multiple CF synaptic inputs, affects CF
synapse elimination during cerebellar
development. We show that g-2 PC-KO
mice can be used as an ideal model for
addressing this question. Our results
suggest that absolute values of CF syn-
aptic strengths are important for dendritic
translocation of the strongest CF andfor driving Arc signaling to accomplish the late phase of CF elim-
ination, whereas relative differences in CF synaptic inputs are
essential for the early phase of CF elimination.
Impaired Dendritic CF Translocation in g-2 PC-KO Mice
We show amoderate impairment of dendritic CF translocation in
g-2 PC-KO mice (Figure 3). This presumably results from the
reduced Ca2+ transients in PC dendrites in response to CF syn-
aptic inputs in g-2 PC-KO mice. We have reported previously
that the extension of CF arbors is impaired in myosin Va mutant
mice and rats (Takagishi et al., 2007) in which dendritic spines of
PCs are devoid of smooth endoplasmic reticulum and therefore
the amplitude of inositol tris-phosphate-induced Ca2+ release in
PC dendritic spines is reduced (Miyata et al., 2000). Moreover,
the amplitude of CF-EPSCs was significantly reduced in the
myosin Va mutant mice (Takagishi et al., 2007), which would
lead to reduction in CF-induced Ca2+ transients in PC dendrites.
These results strongly suggest that reduced Ca2+ signaling in PC
dendrites fromP9 results in impairment of dendritic translocation
of CFs.
The Early Phase of CF Synapse Elimination Is Not
Affected in g-2 PC-KO Mice
We reported that PC-selective deletion of the P/Q-type VDCC
impairs CF functional differentiation and the early phase of CF
synapse elimination (Hashimoto et al., 2011). Based on these
results, it has been thought that sufficient Ca2+ influx into PCs
through the P/Q-type VDCC is required for the early phase of
CF synapse elimination. In g-2 PC-KO mice, CF-induced so-
matic Ca2+ transients were significantly smaller also at P7–P9
when the early phase of CF synapse elimination proceeds (Fig-
ure S5). However, the early phase of CF synapse elimination
was not impaired in g-2 PC-KO (Figures 5A–5D). Then what is
the most important factor in the early phase of CF synapse elim-
ination? During this developmental period, PC dendrites are still
immature andCF synapses aremostly on PC somata. Although a
single winner CF begins dendritic translocation at P9 in each PC,
synapses of the winner CF and those of the other loser CFs areAugust 21, 2014 ª2014 The Authors 1125
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Figure 6. CF-Induced Ca2+ Transients in PCs
through P/Q-type Voltage-Gated Ca2+ Channels
Are Attenuated in g-2 PC-KO Mice at P12-P16
(A) Representative images showing depolarization-induced
changes in the fluorescence intensity of OGB-1 in wild-type
(upper) and g-2 PC-KO (lower) PCs. A Ca2+ indicator, OGB-
1 (100 mM)was infused into PCs through a recording pipette.
u-Aga (+) indicates the data in the presence of a P/Q-type
VDCC blocker, u-Agatoxin IVA (0.4 mM). Regions of interest
(ROIs) are surrounded by red dots. Scale bar represents
20 mm.
(B) Representative traces showing depolarization-induced
changes in the OGB-1 fluorescence in wild-type and g-2
PC-KO PCs. Black traces indicate the fluorescence change
recorded in u-Agatoxin containing ACSF. Horizontal dotted
lines show the integrated period for (C). Scale bars represent
4 s and 50%.
(C) Summary bar graph showing the fraction of u-Agatoxin-
sensitive components of depolarization-induced Ca2+ tran-
sients in wild-type (n = 9) and g-2 PC-KO mice (n = 7). Error
bars represent ±SEM.
(D) Representative images showing changes in the OGB-1
fluorescence intensity induced by evoked CF-inputs in wild-
type (upper) and g-2 PC-KO (lower) mice. ROIs are sur-
rounded by red dots. Scale bar represents 20 mm. Voltage
traces on the right are complex spikes recorded simulta-
neously with Ca2+ transients from the same PCs. Scale bars
represent 20 ms and 20 mV.
(E) Representative traces showing normalized changes in
the OGB-1 fluorescence intensity by CF inputs in wild-type
and g-2 PC-KO mice. Scale bars represent 1 s and 5%.
(F) Summary bar graph showing the average peak ampli-
tudes of CF-induced Ca2+ transients in wild-type (n = 11)
and g-2 PC-KO mice (n = 12). **p < 0.01. Error bars repre-
sent ±SEM.
See also Figure S4.
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Figure 7. CF Synapse Elimination Mediated by Arc Is Impaired in g-2
PC-KO Mice
(A) Specimen records of CF-EPSCs in GFP-negative control PCs (g-2 PC-KO;
upper) and GFP-expressing PCs with Arc overexpression (g-2 PC-KO + Arc-
OE; lower). At P3-P5, viruses carrying GFP and Arc were injected to the
cerebellar vermis. Infected PCs were identified with GFP signals. At P19–P23,
the number of CFs innervating each PC was examined. Scale bars represent
10 ms and 500 pA. *p < 0.05.
(B) Frequency distribution histograms for the number of CFs innervating
each PC in GFP-negative control PCs and GFP-expressing PCs with Arc-OE.
*p < 0.05.
(C) Specimen records of CF-EPSCs in GFP-negative control PCs (g-2 PC-KO;
upper) and GFP-expressing PCs with Arc knockdown (g-2 PC-KO + Arc-KD;
lower). At P1–P2, viruses carrying GFP and Arc miRNA were injected to the
cerebellar vermis. At P19–P25, the number of CFs innervating each PC was
examined. Scale bars represent 10 ms and 500 pA.
(D) Frequency distribution histograms for the number of CFs innervating each
PC in GFP-negative control PCs and GFP-expressing Arc-KD PCs.
See also Figure S5.located spatially near on the soma (Hashimoto et al., 2009). A
recent in vivo time-lapse imaging study of CF elimination has
shown that CF terminals are highly motile on the soma, but their
motility is significantly reduced on dendrites (Carrillo et al., 2013).
This study also indicates that the translocating CF will becomeCelthe winner, whereas the CFs remaining on the soma will be the
losers. Interestingly, photoablation of the winner CF induced
the translocation of an alternative CF which otherwise would
have become a loser CF (Carrillo et al., 2013). These results sug-
gest that multiple CFs compete for limited resources with one
another to become a winner in each PC. It is therefore likely
that the relative difference in synaptic strengths among
competing CF inputs is an important factor to determine a single
winner CF in each PC.
Impairment of the Late Phase of CF Synapse Elimination
because of Insufficient Arc Activation in g-2 PC-KOMice
We found that the late phase of CF synapse elimination was
impaired in g-2 PC-KO mice (Figure 5). Because Arc mediates
the late phase of CF synapse elimination downstream of the
P/Q-type VDCC (Mikuni et al., 2013), we investigated the
possibility of insufficient Arc activation in g-2 PC-KOmice. Lenti-
virus-mediated overexpression of Arc into PCs of g-2 PC-KO
mice could rescue their impairment of the late phase of CF syn-
apse elimination (Figures 7A and 7B). On the other hand, knock-
down of Arc in PCs of g-2 PC-KO mice had no additive effect
regarding the late phase of CF synapse elimination (Figures 7C
and7D). From these results,we conclude that theArc-dependent
CF synapse elimination is impaired in g-2 PC-KO mice due to
reduced CF-induced Ca2+ signaling in PC dendrites and insuffi-
cient activation of Arc. Arc has been reported to play important
roles in LTD in hippocampus neurons (Plath et al., 2006) and
cultured PCs (Smith-Hicks et al., 2010). One possibility is that
activated Arc in PCs may contribute to the induction of LTD at
CF-PC synapses (Hansel and Linden, 2000) and may facilitate
the removal of CF synapses fromPC somata (Mikuni et al., 2013).
Our results suggest that the absolute strengths of CF synaptic
inputs and the intracellular Ca2+ levels in PCs are crucial for the
late phase of CF synapse elimination. Using in vivo time-lapse
imaging of the behavior of living CFs, Carrillo et al. (2013) recently
reported that only one CF can translocate to the dendrites
whereas their competitors are restricted to perisomatic regions,
and that the CF that begins dendritic translocation becomes
the winner and monopolizes PC dendrites. During the period of
the late phase CF synapse elimination, single winner CFs widely
innervate PC dendrites whereas synapses of the other loser CFs
are confined to PC somata in individual PCs (Kano and Hashi-
moto, 2009). Because EPSCs of the strongest CF are on average
approximately four times larger than those of the other CFs
(Hashimoto and Kano, 2003), it is highly unlikely that a weaker
CF overcomes the predominant CF and eventually becomes
the winner. These results support the notion that CF monoinner-
vation of dendrites of each PC is established by nonselective
elimination of perisomatic synapses originating from both the
winner and the other CFs during the late phase of CF synapse
elimination (Kano and Hashimoto, 2009). The major role of the
winner CF would be to induce Ca2+ transients in dendrites that
are large enough to activate Arc that facilitates elimination of
perisomatic CF synapses. It is therefore reasonable that abso-
lute CF synaptic strengths are a crucial factor for the late phase
of CF synapse elimination.
In conclusion, relative differences in synaptic strengths are
important during the developmental period when multiplel Reports 8, 1119–1129, August 21, 2014 ª2014 The Authors 1127
synaptic inputs are competing for postsynaptic sites, such as the
phase of functional differentiation and the early phase of CF syn-
apse elimination. In contrast, absolute synaptic strengths have
important meanings at the developmental stage in which the
winner and loser synaptic inputs have already been determined
such as the late phase of CF synapse elimination. Thus, neurons
appear to use Hebbian type synaptic plasticity and/or homeo-
static plasticity depending on the stage of postnatal develop-
ment to regulate their synaptic strengths and to select proper
synaptic inputs.
EXPERIMENTAL PROCEDURES
Animals
All procedures for animal care and experiments were made in accordance with
the guidelines of the animal experiment committees of the University of Tokyo,
Hokkaido University, and Niigata University. To generate g-2 PC-KO mice, we
crossed theg-2floxedmice (Yamazaki et al., 2010)withD2CreN line (GluD2+/Cre;
Hashimoto et al., 2011) inwhichCre recombinasewas expressed only inGluD2-
expressing cells.
Electrophysiology and Ca2+ Imaging
Parasagittal slices (250 mm) were prepared from the cerebellar vermis of mice
at P3–P43.Whole-cell recordings weremade from visually identified somata of
PCs as described previously (Hashimoto et al., 2009). CF-EPSCs were evoked
by stimulating CFs in the GCL. When a CF was stimulated, an EPSC with a
discrete step of amplitude and showing paired-pulse depression was elicited.
The number of CFs innervating each PC was estimated by counting the num-
ber of the discrete CF-EPSC steps. For Ca2+ imaging, Oregon Green 488
BAPTA-1 (100 mM) was applied to the internal solution. Twenty-five minutes
after loading, the change of fluorescence by voltage step or evoked-CF input
in PC somata or dendrites was recorded (Nakayama et al., 2012). Detailed
methods for recording and stimulation are described in the Supplemental
Experimental Procedures.
Immunohistochemistry
Under deep pentobarbital anesthesia, mice were fixed and processed for
preparation of parasagittal microslicer sections (50 mm). Cerebellar sections
were incubated with a mixture of primary antibodies overnight, followed
by incubation with fluorescent secondary antibodies for 2 hr. Images
were taken with a dissecting microscope or a confocal laser scanning micro-
scope. Detailed methods are described in the Supplemental Experimental
Procedures.
Viral Vector Constructs
VSV-G pseudotyped lentiviral vectors (pCL20c; Hanawa et al., 2002) were
used in this study. The vectors were designed to express only EGFP, or
EGFP and Arc or miRNA directed against Arc under the control of a truncated
L7 promotor (pCL20c-trL7; Mikuni et al., 2013; Sawada et al., 2010). Other de-
tails for preparation of viral vector constructs and methods for virus injection
are described in the Supplemental Experimental Procedures.
Data Analysis
To estimate the relative difference of synaptic strengths among competing
inputs, we calculated the disparity ratio from each multiply innervated PC
(Hashimoto and Kano, 2003). Briefly, the amplitudes of individual CF-EPSCs
in a given multiply innervated PC were measured and they were numbered
in the order of their amplitudes (A1, A2,.AN, NS2, AN represents the largest
CF-EPSC).
Disparity ratio = A1=AN +A2=AN + :::+AN1=AN = N 1ÞðÞð
If all amplitudes in PCs were equal, disparity ratio would be 1. On the other
hand, if the difference between the largest CF-EPSC amplitude and others
become larger, disparity ratio becomes smaller.1128 Cell Reports 8, 1119–1129, August 21, 2014 ª2014 The AuthorStatistical Analysis
All data were expressed as mean ± SEM. When two groups were compared,
Mann-Whitney U test was used for comparison of two independent
samples. Two-way analysis of variance (ANOVA) with Tukey’s post hoc
analysis was used for multiple comparisons (Figures 2B–2D). When the
p value was less than 0.05, the difference between groups were judged to
be significant.
SUPPLEMENTAL INFORMATION
Supplemental Information contains Supplemental Discussion, Supplemental
Experimental Procedures, and six figures and can be foundwith this article on-
line at http://dx.doi.org/10.1016/j.celrep.2014.07.014.
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